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(57) ABSTRACT

A method and a device for determining the actual capacity of
a battery uses a set of characteristic curves, wherein at the
start of a discharge process the initial voltage of the battery,
the magnitude of the discharge current and the temperature of
the battery are determined. From this, by comparison with the
data provided in the set of characteristic curves, a character-
istic curve is selected and an initial state of the battery is
determined. At the end of the discharge process, the final
voltage of the battery is measured. The final voltage is com-
pared, at the end of the discharge, with the voltage expected
based on the selected characteristic curve and, in the event
that the final voltage is smaller than the voltage expected
based on the discharge process, it is determined that the actual
capacity of the battery is smaller than the available capacity
assumed at the start of the discharge process.

7 Claims, 2 Drawing Sheets
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METHOD AND DEVICE FOR DETERMINING
THE ACTUAL CAPACITY OF A BATTERY

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application is the U.S. National Stage of International
Application No. PCT/EP2013/001484, filed May 17, 2013,
which designated the United States and has been published as
International Publication No. WO 2013/178330 and which
claims the priority of German Patent Application, Serial No.
102012 010 486.3, filed May 26, 2012, pursuant to 35 U.S.C.
119(¢a)-(d).

BACKGROUND OF THE INVENTION

The present invention relates to a method and a device for
determining the actual capacity of a battery by using a battery
characteristic.

In a motor vehicle, wherein a battery (=rechargeable elec-
trical energy source; secondary battery or accumulator) is
used as the sole or as an additional energy source aside from
aninternal combustion engine for driving the vehicle (electric
vehicle, hybrid vehicle), the capacity of the battery plays an
important role for the range of the motor vehicle to be trav-
elled by the vehicle without recharging the battery.

It is known that the removable amount of energy, i.e. the
removable amount of current, of for example a conventional
lithium-ion battery decreases with increasing age and/or the
number at charging and discharging cycles.

This loss of capacity, commonly referred to as aging and
representing a manifestation of the change in the behavior of
batteries during charging and discharging (when used as
intended) or due to time-related aging, can presently only be
inadequately determined.

The known methods for determining the loss of capacity
are either very complex and/or are difficult to parameterize
(e.g. with impedance measurements) or the employed aging
models are not completely or only inadequately parameter-
ized, which can cause significant deviations in the calcula-
tion.

Simple methods have usually the disadvantage that impor-
tant parameters cannot be considered or are simply also not
known (e.g. the power loss or efficiency, which need not be
constant over the lifetime and the use the batteries).

An unambiguous statement about the current energy con-
tent, i.e. the currently available amount of current, can there-
fore not easily be made during an ongoing or normal opera-
tion. Because the battery capacity is reduced due to aging, any
conclusion concerning the availability will fail or be inaccu-
rate when the actual (or corrected) battery capacity is not
properly tracked.

Many known methods for determining the actual capacity
of a battery require the determination of charge states (State
of Charge, SOC) of the battery, based on measurements of
open circuit voltages (OCV) of the batteries, as well as the
measurement of the amount of current removed between two
charge states.

For example, EP 1 314 992 A2 describes a device and a
method for determining the capacity of a battery for propel-
ling an electric car, wherein a first charge state of a battery and
asecond charge state of a battery are determined by way of the
respective open circuit voltages in the load-free state and the
actual capacity of the battery is determined from the amount
of discharge current flowing between the two charge states.

DE 102007 037041 A1 discloses a method and a device for
detecting the battery state of an acid battery by using a stored
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battery model. The open circuit voltage of the acid battery as
a function of the charge that can be removed from the battery
is stored in form of a characteristic curve. A first parameter is
then determined, which describes the loss of battery capacity
due to aging of the battery and an acid stratification of the
battery. Furthermore, a second parameter is determined
which provides information about the slope the characteristic
curve. Moreover, the stored characteristic curve is adapted by
taking into account the first and second parameter.

According to this document, the removable amount of
energy and the actual capacity of an acid battery are deter-
mined by determining an open-voltage-ampere-hours char-
acteristic curve. In comparison to a new battery without acid
stratification, the characteristic curve of an aged battery is
displaced upward in a parallel fashion, whereas the charac-
teristic curve of a battery with acid stratification has an
increased slope. The open-voltage-ampere-hours character-
istic curve can be determined by measuring the open-circuit
voltage of the battery before and after a discharge. The stored
characteristic curve is then adapted by using the actually
determined voltage-ampere-hours characteristic curve.

DE 10 2010 006 965 A1 describes a method for determin-
ing at least a range of a battery characteristic curve for a
battery in a vehicle, wherein the actual charge state of the
battery is determined from measured battery parameters, an
adjustment value is then determined from the difference
between a measured battery parameter and a standard value,
which is determined from a standard battery characteristic
curve by taking into account the determined charge state, and
at least one range of a new battery characteristic curve is
determined by adding the adjustment value to the standard
battery characteristic curve.

According to this document, the actual battery character-
istic curve is determined by measuring of open-circuit volt-
ages after a longer resting phase of the battery at different
charge states of a battery. The deviation of the actual battery
characteristic curve (open-circuit voltage-actual charge state
characteristic curve) from the battery characteristic curve of a
“standard battery” is determined based on a comparison of
the respective open-circuit voltages for specified charge
states or based on a comparison of respective charge states for
specified open-circuit voltages.

A computing device is known from JP 2002-243 813 A,
which calculates a change in the charge state of a battery from
the time-integrated discharge current of the battery based on
the open-circuit voltages at the start time of the integration
and the end time of the integration, as well as the correlation
between the open-circuit voltages and the charge state of the
battery. The computing device also calculates the diminished
capacity of the battery over time based on an integrated dis-
charge current value calculated based on the discharge cur-
rent and the change of the charge state. In addition, the com-
puting device calculates the capacity degradation rate based
on the diminished capacity over time and the initial capacity
of the battery.

DE 39 10 904 A1 discloses a method for monitoring the
charge state of a rechargeable, sealed battery, wherein the
voltage U, at the battery terminals is measured after charg-
ing a battery—following at least one load—and stored as
open-circuit voltage U,, and wherein at different times the
instantaneous voltage U, is measured at the battery terminals
and the discharge state is determined as a function of the
difference between the open-circuit voltage U, and the
instantaneous voltage U.,.

As can be seen from this short overview, all the above
described methods and devices require the measurement of an
open-circuit voltage (OCV) of the battery. However, this
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open-circuit voltage can be measured with sufficient accuracy
only after a not insignificant amount of time has passes after
the end of a discharge. As is evident, for example, from FIG.
6 of EP 1314 992 A2, a resting phase of up to 3000 seconds,
i.e. of up to 50 minutes, may be required before the voltage
reaches a stable value following the termination of a dis-
charge process.

SUMMARY OF THE INVENTION

It is the object of the present invention, to provide a method
and a device for determining the actual capacity of a battery,
which can overcome the disadvantages of the prior art.

The method according to the invention for determining the
actual capacity of a battery is carried out by using a charac-
teristic curve field, wherein at the start of a discharge process
the initial voltage U,,,, ., of the battery, the magnitude of the
discharge current and the temperature the battery are deter-
mined, wherefrom a characteristic curve is selected through
comparison with the data in the characteristic curve field and
an initial state the battery is defined. At the end of the dis-
charge process, the final voltage U, . of the battery is mea-
sured and this final voltage U . _is compared at the end of the
discharge process with the expected voltage U,,,...., based
on the selected characteristic curve, and in the event that the
final voltage (U,,.,.) is smaller than the expected voltage
(Uerpecrea) due to the discharge process, it is concluded that
the actual capacity of the battery is smaller than the assumed
removable capacity at the start of the discharge process.

The method according to the invention is characterized in
that assessing the aging state of a battery does not require the
measurement of an open-circuit voltage (OCV), that the
method can be used with normal applications, is easy to use
because it does not require special test modes or procedures
and does not rely on complicated parameters and/or models.
With the method according to the invention, a specific con-
clusion about the actual energy content of a battery can be
readily made during the ongoing operation. An exact conclu-
sion about the actually available amount of current of a bat-
tery is thus possible based on the actual or corrected battery
capacity that is correctly tracked by the method according to
the invention.

According to a first advantageous embodiment of the
invention, the actual capacity of the battery is determined
with the method according to the invention by repeating the
above-described steps several times in the specified sequen-
tial order and by assessing the determined difference between
the final voltage U,,,,,,, and the expected voltage U,,,c.cq-

Advantageously, the actual capacity of the battery can be
determined with the method according to the invention after
the above-described steps have been carried out sequentially
at least 5 times.

Advantageously, the actual capacity of the battery may for
example be determined as follows: the initial voltage U, .. .
and the final voltage U, . of the battery are plotted in a
two-dimensional coordinate system as a function of time in
dependence of the removed amount of charge, and the
expected voltage U,,,,.....; is plotted in the two-dimensional
coordinate system as a function of time in dependence of the
removed amount of charge, the slope of the connecting line
between the initial voltage U, .. ., and the final voltage U
as well as the slope of the connecting line between the initial
voltage U, .., and the expected voltage U, .., are deter-
mined, wherefrom the difference between the slopes of the
connecting lines or the angle between the connecting lines is
determined. These determined values can then be used to
determine the actual capacity.
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It will be understood that the afore-described method—as
well as all the other methods disclosed here—can and are
carried out in practice with a corresponding computing device
and by using suitable digital or digitized data.

Because the determination of a reduced actual capacity of
a battery is extremely important, for example, for the energy
management an electric vehicle or a hybrid vehicle, and the
actual capacity is used for example for range prediction, it is
provided according to another advantageous embodiment of
the invention that when the assessment of the aging state
results in an actual capacity that is reduced in comparison to
anew battery, areduced nominal, removable, available and/or
actual capacity is/are stored in a memory device.

This/these stored value(s) are then available, for example,
to other facilities for other calculations and/or assessments
and may, for example, be read from the memory device.

When the assessment of the aging state has resulted in an
actual capacity that is reduced in comparison to a new battery,
the size of the nominal, removable and/or available capacity
is advantageously reduced by a specifiable value for a char-
acteristic curve field described by a mathematical formula
and/or for a characteristic curve described by a mathematical
formula.

Because of the stability of the system, the determined
change in the actual capacity is not fully applied, but only an
adaptation in the corresponding change direction is specified.
It is hence advantageous when the determined reduction of
the actual capacity not used to its full extent for determining
the nominal, removable and/or available capacity.

The present invention also includes a device for determin-
ing the actual capacity of a battery with a memory device, a
voltage measuring device, a current measuring device, a tem-
perature measuring device and a computing device and a
computer program executable thereon, wherein the memory
device is configured to store or have stored at least one char-
acteristic curve field of a battery, wherein the voltage mea-
suring device is configured to measure at least one initial
voltage U,,,., of the battery at the start and a final voltage
U,,0qs 0f the battery at the end of a discharge process, wherein
the current measuring device is configured to measure at least
the magnitude of a discharge current of the battery, wherein
the temperature measuring device is configured to measure
the temperature of at least one battery component, and the
computing device with the computer program running
thereon is configured to determine the actual capacity of the
battery by taking into account the initial voltage U_, . the
final voltage U,,,,,, and the expected voltage U,,,...., based
on the selected characteristic curve, such that in the event that
the final voltage (U,,,.,, is smaller than the expected voltage
U.,.pecreq Pased on the discharge process, it is affirmed that the
actual capacity of the battery is smaller than the removable
capacity assumed at the start of the discharge process.

The device according to the invention is further configured
to carry out each of the above-described methods. An
embodiment of the device according to the invention suitable
to carry out all methods according to the invention is known
to those skilled in the art or can be easily determined with a
few experiments.

BRIEF DESCRIPTION OF THE DRAWING

The present invention will now be described in more detail
with reference to the accompanying drawings.

These show in:

FIG. 1: a diagram with several characteristic curves stored
in a characteristic curve field of a battery;
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FIG. 2: a diagram with the actual course of the voltage of a
battery plotted as a function of time in dependence of the
removed amount of charge and the corresponding expected
course of the voltage based on the selected characteristic
curve; and

FIG. 3: a similar diagram as in FIG. 2, however with
inserted connecting lines between U, ,,, and U as well as
between U, and U__ ...

The diagrams in the figures are merely schematic and not
scale.

meass

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The exemplary embodiments described below represent
preferred embodiments of the present invention. The present
invention is of course not limited to these embodiments.

In the following description, the following terms each have
the specified meaning:

Nominal capacity: The amount of current removable
according to the manufacturer’s specification, normal-
ized to a standard temperature and a reference current
(also referred to as rated capacity);

Removable capacity: the different actually removable
amount of current for each battery/accumulator technol-
ogy in dependence of the temperature and the amperage;

Available capacity: measured capacity at standard tem-
perature and reference current; to be used for assessing
the deviation from the nominal capacity;

Actual capacity: actually removable capacity in depen-
dence of the temperature and the amperage.

The diagram in FIG. 1 shows voltage profiles of a battery
when discharged with different current magnitudes at a speci-
fied temperature as well as the approximate profile of the
open-circuit voltage U,,.

1, indicated in the diagram represents a 20-hour discharge
current based on the nominal capacity. As shown in the dia-
gram, the initial voltage (voltage level) of the battery
decreases with increasing current magnitude (=increasing
multiple of I,,). At the same time, the removable amount of
current decreases with increased current magnitude. Another
dependence exists with reference to the temperature of the
battery. In this case, in a simplified analysis, the discharge
amounts become smaller and the battery voltage decreases
with decreasing temperature.

A characteristic curve field may be generated based on this
understanding or though measurements, wherein the indi-
vidual characteristic curves are generated by taking into
account the discharge current, the temperature and the remov-
able capacity of the battery.

The battery state may be assessed based on the character-
istic curve field and by considering the discharge current and
the temperature. The current state of the battery may be
assessed, and/or are the removable amount of charge may be
estimated and the aging condition of the battery may be
assessed by comparing the actual voltage profile with the
voltage profile expected based on the selected characteristic
curve and by considering the actually removed amount of
charge.

According to the invention, the quiescent state of the bat-
tery need not be assessed.

FIG. 2 and FIG. 3 show each a diagram wherein the actual
course of the voltage U a battery is plotted as a function of
timetin dependence ofthe removed amount of charge AQ and
the expected corresponding voltage profile based on the
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selected characteristic curve. As evident from the diagram, an
essentially constant current magnitude I, is assumed during
the time t.

According to the invention, the characteristic curve to be
selected is selected from the characteristic curve field based
on the initial voltage U, ., of the battery, the magnitude ofthe
discharge current and the temperature of the battery.

At the end of the discharge process, the final voltage U,
of the battery is measured, and this final voltage U, . is
compared at the end the discharge process with the expected
voltage U,,,..., based on the selected characteristic curve.
For the case shown in the FIGS. 2 and 3, where the final
voltage U, at the end of the discharge process is smaller
than the expected voltage U, it is concluded that the
actual capacity of the battery is smaller than the assumed
removable capacity at the start of discharge process.

The calculation of the actual capacity or the calculation of
the reduction of the actual capacity compared to the nominal,
removable and/or available capacity may be based on known
experience values or calculation methods.

As shown in FIGS. 2 and 3, the initial voltage U, and the
final voltage U, .. of the battery may be plotted as a function
of time in dependence of the removed amount of charge and
the expected voltage U,,,...., may be plotted as a function of
time in dependence of the removed amount of charge in a
two-dimensional coordinate system, corresponding to a two-
dimensional data array when using a computing device.

With the method according to the invention, the initial
voltage U,,,., is measured at the start a discharge process.
Because this depends, among other things, from the magni-
tude of the discharge current, the term “at the start” is here to
be understood that a sufficient time may optionally be let to
pass at the start of the discharge process (e.g. 1,2, 4, 6,8, 10,
15, 30 seconds; 1, 2, 3, 4, 5 minutes) until a “stable” initial
voltage is reached. As is known in the art, the time until a
“stable” initial voltage is reached depends on the discharge
current in such a way that a time in the range of minutes is
sufficient at low current magnitudes (e.g. in the range of
approximately 1xI,, to approximately 5xI,), and a time of
less than one minute is sufficient at high current magnitudes
(e.g. in the range above about 10x1,).

Because the end of a discharge process is typically not
known during the discharge process, the voltage of the battery
may of course be continuously measured during a discharge
process or at presettable time intervals. After the discharge
process is completed, the last voltage measured during the
discharge process is then used as the final voltage U,,_,..

As shown in FIGS. 2 and 3, the determined difference
between U,  and U, .., in conjunction with the used
characteristic curve may be used for assessing the aging state
of a battery.

For example, as illustrated in FIG. 3, the slope the connect-
ing line between the initial voltage U, ., and the final voltage
U,,,eas» as well as the slope of the connecting line between the
initial voltage U,,,,,,and the expected voltage U,,...,., may be
determined, the difference of the slopes of the connecting
lines or the angle ¢ between the connecting lines may be
determined, and used to determine the actual capacity.

For example, if the angle ¢ shown in FIG. 3 exceeds a
presettable threshold value, the removable capacity may be
reduced by a certain amount based on the aging assessment,
or the available capacity may be calculated based on a
“smaller” battery.

Experience has shown that the determination of the actual
capacity of a battery should not be based on a single measure-
ment; instead, the measurement should be repeated sequen-
tially several times, preferably at least 5 times or more often

meas
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(e.g.6,7,8,9,10,12, 14, 15 times) and an assessment of the
deviationU,_,, ..., ~U,,.,. oroftheangle ¢ be performed. This
is based on the fact that the variables to be determined can be
influenced by many parameters, and that with a sufficient
number of repetitions and a corresponding evaluation of the
determined measurement results (e.g. by forming the aver-
age) a sufficiently exact approximation to the actual aging
condition of the battery can be achieved. In general, the accu-
racy for assessing the aging state of the battery increases with
an increasing number at measurements.

For sake of system stability, it is frequently also advanta-
geous when the determined reduction of the actual capacity
does not enter into the calculation of the nominal, removable
and/or available capacity, but only an adaptation in the cor-
responding direction of change is made. For example, the
determined reduction of the actual capacity can be multiplied
with a specifiable factor <1 (e.g. 0.9; 0.8; 0.75; 0.6; 0.5) and
the resulting fraction of the determined reduction of the actual
capacity may be used for the assessment or calculation.

When the used characteristic curve field or the used char-
acteristic curve is described by a mathematical formula, the
amount of the nominal, removable and/or available capacity
may be reduced by a defined value Delta.

The aging process and the associated change in the avail-
able capacity of a battery is not a variable that starts out
stochastically, but is rather a slowly changing variable. In
view of this backdrop, the method according to the invention
may for example be repeated continuously, at presettable time
intervals and/or after a presettable number at charging and
discharging processes.

The method according to the invention can be used in
normal applications, is simple to apply, does not require spe-
cial test modes or test procedures, and is not based on com-
plicated parameters and/or models. With the method accord-
ing to the invention, a specific statement about the actual
energy content of a battery can already readily be made dur-
ing the ongoing operation. Based on the actual battery capac-
ity thatis correctly tracked or corrected by the method accord-
ing to the invention, a precise conclusion concerning the
actually available amount of current of a battery can be
drawn. The method according to the invention has the addi-
tional advantage that it can be used independent of the cell
technology and does not require Ah-integration.

What is claimed is:

1. A device for determining an actual capacity of a battery
of an electric vehicle or a hybrid vehicle, comprising:

amemory device configured to store or have stored therein
at least one characteristic curve field of a battery having
characteristic curves, wherein the characteristic curves
were generated by taking into account a magnitude of a
discharge current, a temperature of the battery and a
removable capacity of the battery,

a voltage measuring device configured to measure at least
an initial voltage of the battery under load at a start of a
discharge process and a final voltage of the battery under
load at an end of the discharge process,

10

15

20

25

30

35

40

45

50

55

8

a current measuring device configured to measure at least a

magnitude of the discharge current of the battery,

a temperature measuring device configured to measure the

temperature of at least one battery component, and

a computing device having a computer program executable

thereon, wherein the computing device is configured to
determine an actual capacity of the battery, by taking
into account an initial voltage, a final voltage and a
voltage expected based on a selected characteristic
curve, such that when the final voltage is smaller than the
expected voltage, it is concluded that the actual capacity
of the battery is smaller than a removable capacity
assumed at the start of the discharge process, the com-
puting device further configured to predict a driving
range of the vehicle using the actual capacity of the
battery.

2. The device of claim 1, wherein the computing device
determines the actual capacity of the battery several times by
repeating measurements of the initial voltage, the final volt-
age and the voltage expected based on the selected character-
istic curve, and assesses each time a determined difference
between the final voltage and the expected voltage.

3. The device of claim 2, wherein the measurements are
repeated at least 5 times.

4. The device of claim 1, wherein the computing device is
further configured to

enter the initial voltage, the final voltage and the expected

voltage as a function of time and in dependence of the
removed amount of charge in a two-dimensional coor-
dinate system,

determine a slope of a connecting line between the initial

voltage and the final voltage as well as a slope of a
connecting line between the initial voltage and the
expected voltage,
determine a difference of the slopes of the connecting lines
or an angle between the connecting lines, and

determine a nominal, removable, available or actual capac-
ity based on the difference of the slopes of the connect-
ing lines or the angle.

5. The device of claim 4, further comprising a memory
device, wherein when the determined actual capacity is
smaller than an actual capacity of a new battery, a reduced
nominal, removable, available or actual capacity is stored in
the memory device.

6. The device of claim 5, wherein when the determined
actual capacity is smaller than an actual capacity of a new
battery, the nominal, removable or available capacity is
reduced by a specifiable value when the characteristic curve
field or the characteristic curve is described by a mathemati-
cal formula.

7. The device of claim 6, wherein the nominal, removable
or available capacity is reduced by less than the full specifi-
able value.



